Abstract: A first-principles computational tensile test has been preformed to investigate the effects of hydrogen on a tungsten grain boundary. It has been found that the maximum ideal tensile strength of the tungsten grain boundary with hydrogen atom segregation was 32.85 GPa, which was about 9% lower than that of the clean tungsten grain boundary (36.23 GPa). This indicated that the theoretical strength of the tungsten grain boundary became weaker in the presence of the hydrogen atom. Atomic configuration analysis showed that the grain boundary fracture was caused by the interfacial bond breaking. The Griffith fracture energy was calculated to be 161 meV/Å 2 (2.58 J/m 2 ) and 155 meV/Å 2 (2.48 J/m 2 ) for the tungsten grain boundary without and with the hydrogen atom segregation, respectively. The solution energy of the hydrogen atom in a fracture free surface was −0.31 eV, which was 0.08 eV lower than that of the hydrogen atom in a tungsten grain boundary. This indicated that hydrogen was a grain boundary embrittler according to the Rice-Wang thermodynamic theory. The Bader charge analysis suggested that the physical origin for hydrogen-induced embrittlement was the charge transfer induced by hydrogen in the tungsten grain boundary.
Introduction
Nowadays, energy shortage drives us to pay great efforts to developing nuclear fusion and thereby it is going to be of practical use in the foreseeable future. The final application of nuclear fusion energy is mainly dependent on the development of key materials in the thermonuclear fusion device Tokamak, in which the choice of the plasma facing material (PFM) is one of the key issues. Tungsten and tungsten alloys are the most promising candidates for PFM including both first wall and divertor plate in Tokamak because of their good thermal properties such as high thermal conductivity, high melting temperature and low sputtering erosion [1] . However, as a PFM, tungsten will be exposed to extremely high fluxes of hydrogen isotope ions. It must not only withstand radiation damage, but also keep intrinsic mechanical properties. Therefore, the relationship between the microstructures and mechanical properties of tungsten under hydrogen irradiation is one of the key concerns for its use in fusion reactor, and has been under intensive investigations [2−8] .
Generally, defects in materials, such as grain boundaries, dislocations, and vacancies, are considered to play crucial roles in various properties of materials. The role of the grain boundaries gets much more attention among them. For example, the grain boundary brittleness has been considered to be a fatal factor to seriously limit Ni 3 Al application [9] . The grain boundary acts as a transition region between two adjacent crystal lattices, and thus the chemical composition and crystallographic structure of the grain boundaries are distinct from those of the bulk crystal. Therefore, such distinct composition and structure powerfully affect the chemical and physical behaviors of the grain boundaries, and the properties of materials with the grain boundaries can greatly differ from those of a single crystal [10] . Some elements will segregate to the grain boundaries due to different chemical composition between the grain boundaries and the surrounding bulk [11] . Recently, with the aid of high performance supercomputers and sophisticated quantum mechanical method, the first-principles calculations based on density-functional theory have been successfully applied to investigating the embrittlement induced by impurities segregating in the grain boundaries [12−14] .
Previous investigations [15−19] showed that the bombardment of high flux of hydrogen isotope ions could cause roughening and blistering in tungsten and suggested that the tungsten grain boundary played an important role in the formation of hydrogen bubbles. The hydrogen bubbles would be the most possibly to form along the tungsten grain boundaries [15] . The implanted hydrogen would diffuse further into the material, which could eventually find trapping sites in the grain boundaries and collect [16−17] , leading to the nucleation and growth of hydrogen bubbles [18−19] . Furthermore, the formation of hydrogen bubbles (blisters) would reduce grain boundary adhesion [19] .
Detailed descriptions of the hydrogen atom in the tungsten grain boundary have become attainable based on the recent advances in first-principles theory and computing power. The grain boundaries in tungsten served as trapping center for hydrogen [5] . It has been demonstrated that hydrogen could be easily trapped by the tungsten grain boundaries with the solution and segregation energies of −0.23 eV and −1.11 eV, respectively. Kinetically, such trapping was easier to be realized due to the much lower diffusion barrier of 0.13−0.16 eV from the bulk to the grain boundary in comparison with the segregation energy, suggesting that the trapped hydrogen was quite difficult to escape out of the grain boundary. However, the effect of hydrogen on the tensile strength of the tungsten grain boundary systems has not been explored so far. By a first-principles computational tensile test (FPCTT), the ideal tensile strength of the grain boundary can be determined by the first-principles method [12−14, 20−22] . In this paper, using the FPCTT, the ideal tensile strength of a tungsten grain boundary with the segregated hydrogen atoms has been investigated. This could help us to further understand the effect of hydrogen on the tungsten grain boundary.
Computational methods
Our first-principles calculations were performed using the pseudopotential plane-wave method implemented in the VASP code [23−24] based on the density functional theory. The generalized gradient approximation of PERDEW and WANG [25] and projected augmented wave potentials [26] were used, with a plane wave energy cutoff of 350 eV. The supercell contained 80 tungsten atoms to simulate the 36.9
○
[100]{013}∑=5 symmetrical tilt grain boundary, as shown in Fig. 1 . The calculated equilibrium lattice constant was 3.17 Å for body-center cubic tungsten, which was in good agreement with the corresponding experimental value of 3.16 Å [27] . The dimensions of the tungsten grain boundary supercell were 20.87 Å× 9.97 Å×6.29 Å. For summation over Brillouin zone, the uniform grids of k-points were 1×2×3 according to the Monkhorst-Pack scheme with a full relaxation of the atomic positions and volume of the supercell [28] . The hydrogen atom occupied the most stable site in the tungsten grain boundary shown in previous study [5] . The tensile strength of the bulk tungsten in the [310] direction was also calculated in order to compare with the clean grain boundary. The energy relaxation iterates until the forces acting on all the atoms were less than 10 −3 eV/Å.
In the tensile test, the Hellmann-Feynman theorem was adopted to determine the tensile stress through the Nielsen-Martin scheme [29] , according to which the stress σ αβ could be calculated from
where E total was the total energy of the tungsten grain boundary with strain, σ αβ is the strain tensor (α, β=1, 2, 3), and Ω is the volume of the unit cell. A uniaxial tensile strain was introduced in the grain boundary normal direction [310] . The lattice dimensions in the grain boundary plane were fixed to simplify the calculation, without considering Poisson's ratio. In each strain step, the starting atomic configuration was taken by uniform scaling from the fully relaxed configuration of the preceding step to ensure the continuous strain path. More calculation details could be found elsewhere [30] . Figure 2 showed the tensile stress as a function of strain in the [310] direction. It could be observed that for the bulk system, the tensile stress increased with increasing tensile strain until a strain of 24%, at which the stress reached a maximum, as shown in Fig. 2 . After a strain of 24%, the stress decreased gradually. Hence, the maximum stress of 46.41 GPa was the theoretical tensile strength of the bulk tungsten in the [310] direction. For the clean grain boundary system, Figure 2 demonstrated that the stress increased initially with increasing strain, and exhibited a maximum stress of 36.23 GPa at a strain of 14%. The stress decreased quickly when the strain was larger than 14%. Therefore, the maximum ideal tensile strength of the clean grain boundary was 36.23 GPa in the [310] direction, which was 22% lower than that of the bulk tungsten. This indicated that the theoretical strength of tungsten became weaker in the presence of the grain boundary.
Results and discussion

FPCTT of clean tungsten grain boundary
In order to understand the tensile strength decrease due to the grain boundary, the interfacial bond lengths of the grain boundary were investigated. Figure 3(a) displayed the calculated binding energy between two tungsten atoms as a function of the tungsten-tungsten (W-W) interatomic distance in vacuum. It showed a repulsive interaction between tungsten atoms when their interatomic distance was lower than 1.33 Å. Beyond this distance, the binding energy increased rapidly with the increase of the W-W interatomic distance. It experienced a peak at a W-W equilibrium distance of about 1.85 Å with the largest binding energy of 11.73 eV. After this, the binding energy decreased rapidly and converged to zero, as shown in Fig. 3(a) . In the bulk tungsten, the distance between the nearest neighbor tungsten atoms was 2.74 Å, which indicated that there was strong attraction between tungsten atoms in the bulk tungsten.
In the clean grain boundary case, the interfacial bond lengths were calculated to be in the range of 2.57−3.24 Å, as illustrated in Fig.3(b) . It could be found that the bond lengths for BD (GM), AB (DF and FG), and AD (FM) were longer than that of the W-W bond in the bulk tungsten by 0.03 Å, 0.11 Å, and 0.50 Å, respectively. Only the DE (MN) with bond length of 2.57 Å was shorter than that of the W-W bond in the bulk tungsten. This suggested that the most of interfacial bonds of the grain boundary became weaker in comparison with the W-W in the bulk tungsten, which should be responsible for the decrease of the grain boundary theoretical strength.
FPCTT of tungsten grain boundary with hydrogen segregation
In the previous study [5] , it has been demonstrated that the tungsten grain boundary could serve as a trapping center for hydrogen due to the strong binding between hydrogen and the grain boundary. Hydrogen atom could easily segregate into a tungsten grain boundary with the segregation energy of −1.11 eV, which was shown to be low enough for the trapping of almost all hydrogen atoms into the grain boundary, independent of the temperature (300−900 K) and the bulk hydrogen atoms concentration (500−1 000 appm). Through performing the FPCTT, the ideal tensile strength and the Griffith fracture energy could be determined for the clean grain boundary and the hydrogen atom-segregated grain boundary, respectively. These quantities could help us to theoretically understand how the mechanical properties of the tungsten grain boundary change due to the hydrogen atom segregation.
The tensile stress of the hydrogen atom-segregated grain boundary as a function of strain is illustrated in Fig.  2 . The stress reached its maximum of 32.85 GPa at a strain of 12% after a continuous increase with increasing strain. Beyond the strain of 14%, the stress dropped suddenly to 20.54 GPa, and approached slowly to zero. The ideal tensile strength of the hydrogen atom-segregated grain boundary was 32.85 GPa. In comparison with the clean grain boundary, the tensile strength was reduced by about 9% due to the hydrogen atom segregation.
The Griffith fracture energy was defined as the requisite energy to create unit crack surface. As shown in Fig. 2 , the stress was zero at the strain of 48%. This indicated that the grain boundary turned into free crack surface after the strain of 48%, and thus the Griffith fracture energy was directly associated with the energy difference between the grain boundary with strain of 48% and without strain. The energy difference was calculated to be 40.42 eV for the clean grain boundary and 39.08 eV for the hydrogen atom-segregated grain boundary, corresponding to the Griffith fracture energy of 161 meV/Å 2 (2.58 J/m 2 ) and 155 meV/Å 2 (2.48 J/m 2 ), respectively. The fracture energy of the hydrogen atom-segregated grain boundary was about 4% lower than that of the clean grain boundary. Thus, theoretical crack in tungsten with the grain boundary segregation of hydrogen would be easier to extend according to the Griffith energy criterion of fracture. The fracture mode of solid also could be determined by the competition between plastic crack blunting and brittle boundary separation based on a thermodynamic theory described by RICE and WANG [31] . The potency of a segregation impurity in reducing the "Griffith work" of brittle boundary separation was a linear function of the difference in solution energies for impurity at the grain boundary and the free surface (FS). Therefore, whether hydrogen was an embrittler in a tungsten grain boundary could be determined by estimating the solution energy difference of a hydrogen atom in a grain boundary ( sol GB E ) and a fracture-FS ( sol FS E ). As mentioned above, the solution energy of the hydrogen atom in a tungsten grain boundary was −0.23 eV. After the grain boundary fracture (strain of 48%), the solution energy of the hydrogen atom in a fracture-FS was calculated to be −0.31 eV in reference to the clean fracture-FS and half the energy of the hydrogen molecule [5] .
was calculated to be -0.08 eV, which was negative, indicating that hydrogen was a grain boundary embrittler according to the Rice-Wang thermodynamic theory.
Thus, it was clear that the tensile strength of the tungsten grain boundary was reduced by about 9% due to the hydrogen atom segregation, and the Griffith fracture energy was reduced by about 4%. Consequently, the hydrogen atom-segregated grain boundary was easier to break under applied stress as compared with the clean one.
Charge transfer induced by hydrogen segregation
In order to explore the hydrogen-induced embrittlement of the tungsten grain boundary, the charge transfer between hydrogen and tungsten atoms has been investigated. A quantitative analysis of electron density was performed following the prescriptions of Bader's theory of atoms in molecules [32−33] . In this calculation, based on the charge density distribution, the real-space was partitioned into several subspaces associated with each atom. The boundary of an atom was delimited by the zero-flux surface of the charge density gradient vector field on which the charge density reaches the minimum perpendicular to the surface. The integrated charge enclosed within the zero-flux surfaces could be taken as a good approximation of the charge of an atom. As shown in Fig. 1 , there were five neighboring tungsten atoms (F, G, J, M, and N) for hydrogen in the grain boundary. Table 1 presents the Bader charges of both the hydrogen atom and the neighboring tungsten atoms. The hydrogen atom obtained the electron from the host tungsten and became negative charged, with the Bader charge of −0.61 e. The Bader charges were +0.12 e and +0.18 e for the first nearest neighbour tungsten atoms (F and G), respectively, with the shorter distance of about 1.97 Å from the hydrogen atom. For the second nearest neighboring tungsten atoms (J and M), the Bader charges were around +0.06 e. For the tungsten atom(N) with a farther distance from the hydrogen atom (2.85 Å), the Bader charge decreased to almost zero. This indicated that the Bader charge of tungsten atoms was directly associated with the distance from the hydrogen atom.
The Bader charge results suggested the presence of the hydrogen atom leading to the charge density redistribution of host atoms in the tungsten grain boundary. The hydrogen atom acted as an electron acceptor in the tungsten grain boundary, which got electron from tungsten atoms, leading to a decrease of tungsten valence electron. For example, the valence electrons of tungsten atoms (F and G) were 5.85e and 6.01e in the clean tungsten grain boundary, respectively, while it decreased to be 5.73e and 5.83e with the segregated hydrogen atom. Then, the Bade charges of tungsten atoms (F and G) were +0.12e and +0.18e, as listed in Table 1 . Consequently, the tungsten atoms bond (F-G) in the hydrogen atom-segregated tungsten grain boundary became weaker than that in the clean tungsten grain boundary. This leaded to the theoretical tensile strength of the hydrogen atom-segregated tungsten grain boundary being lower than that of the clean tungsten grain boundary. Therefore, the physical origin for the hydrogen-induced embrittlement was the charge transfer induced by hydrogen in the tungsten grain boundary.
Conclusions
First-principles calculations have been employed to determine the theoretical tensile strength of the tungsten grain boundary with the hydrogen atom segregation. The tensile strength of the clean tungsten grain boundary was 36.23 GPa, which was 22% lower than that of the bulk tungsten along the same direction. With the hydrogen atom segregation, the tensile strength of the tungsten grain boundary decreased to 32.85 GPa, about 9% lower than that of the clean tungsten grain boundary. The Griffith fracture energy of the hydrogen atom-segregated grain boundary was 2.48 J/m 2 , which was lower than that of the clean grain boundary by about 4%. The difference of solution energies for the hydrogen atom at the grain boundary and the fracture free surface was calculated to be −0.08 eV, which was negative, indicating that hydrogen was a grain boundary embrittler according to the Rice-Wang thermodynamic theory. The Bader charge analysis suggested that the physical origin for hydrogeninduced embrittlement was the charge transfer induced by hydrogen in the tungsten grain boundary.
